(PAP) immunohistochemistry with both the neurofilament (NF) triplet (small: 68 K, medium:150 K, high: 200 K) antisera and the antiserum against spot 35-calbindin, developmental changes in expression of the immunoreactivity for the NF triplet proteins in different domains of the Purkinje cells was examined in the cerebella of postnatal rats. From birth till the postnatal day 6 (P6) the somata and dendrites exhibited moderately positive immunoreaction for small and medium NF subunits. In contrast, the incubation for the high NF subunit resulted in a negative immunoreaction for the somata and dendrites of the Purkinje cells at those stages. On P8 and P10 they were weakly immunoreactive for all NF triplet. Thereafter the intensity of their immunoreaction decreased progressively and the Purkinje cell somata and dendrites were immunonegative for all NF triplet proteins on P21, when the Purkinje cell attained an adult appearance in morphology. On the other hand, the Purkinje cell axons, which can be identified selectively by the positive immunoreaction for the spot 35-calbindin throughout the course of the postnatal development, exhibited positive immunoreactivity for all the NF triplet on the 9th, 21th and 50th postnatal days in the cerebellar white matter. The development of the slow axoplasmic transport and the posttranslational modification of the NF triplet proteins are discussed as possible mechanisms underlying the differential expression of the immunoreactivity for the NF triplet proteins in different domains of the Purkinje cells during postnatal development.
There has been accumulating evidence for regional differences in the distribution of cytoskeletal proteins such as tubulin, microtubule-associated proteins (MAP 1, 2, 3) and neurofilament (NF) triplets proteins (68 K, 150K, 200K) in different domains of the neurons such as axons, dendrites and somata (DAHL, 1983; GOLDSTEIN et al., 1983; STERNBERGER and STERNBER-GER, 1983; BENNETT et al., 1984; DRAKE and LASEK, 1984; HUBER and MATUS, 1984; BERNHARDT et al., 1985; TROJANOWSKI et al., 1985) . For example, MAP 1 is localized in the somata as well as the entire dendritec arborizations, while MAP 2 is confined to the distal dendrites of the cerebellar Purkinje cell, whose characteristic morphology is generally considered a good example in the central nerve system for clearly defining the axon, dendrites and somata. With regard to the NF triplet proteins, it has been shown that the somata and dendrites of adult Purkinje cells are, in general, immunonegative with polyclonal anti-NF triplet antibodies, although a number of immunopositive nerve fibers are present in the cerebellar cortex (SCHLAEPFER and LYNCH, 1977; ANDERTON et al., 1980; DAHL, 1980; YEN and FIELDS, 1981; BIGNAMI et al., 1985; LIEM et al., 1985) .
These above findings led us to questions about when and how regional differences in immunoreactivity for the neuronal cytoskeletal proteins develop. Examining the developmental process of the immunoreactivity for the cytoskeletal proteins in different domains of the Purkinje cells in immunohistochemistry would clearly answer these questions. However, since the Purkinje cell axons are rarely shown to be in continuity with the somata in single random sections and because there exist hetero-438 H. KONDO et al.: genous populations of axons in the cerebellar white matter, it has been hitherto impossible to determine with certainty whether or not the Purkinje cell axons are immunoreactive for a given antibody simply on the basis of the immunostaining distribution in random sections. In this regard, it should be pointed out that the rat cerebellar Ca-binding protein, termed originally spot 35 protein and subsequently spot 35-calbindin (YAMAKUNI et al., 1984 (YAMAKUNI et al., , 1986 ABE et al., 1990) , could be a useful marker for axons as well as somata and dendrites of the Purkinje cell throughout the course of the pre-and postnatal development (TAKAHASHI-IWANAGA et al., 1986. The present immunohistochemical study was undertaken to examine the detailed localization of the immunoreactivity for the NF triplet proteins in developing and mature Purkinje cell using both polyclonal anti-NF triplet antisera and the antiserum against spot 35-calbindin. The results demonstrate the transient appearance of positive immunoreaction for two subunits of the NF triplet (68 K and 150 K) in Purkinje cell somata and dendrites at the neonatal stages; they further show the persistent immunoreaction for all the NF triplet proteins in their axons from the early postnatal stages through the adult one.
MATERIALS AND METHODS
Preparation of antisera against NF triplet proteins and spot 35-calbindin NF triplet proteins were purified from the brain stem of Wistar rats according to the method by SHECKET and LASAK (1980) . Briefly, the tissue was homogenized in 3 vol of 0.1M Na2HCO3/NaHCO3 containing 0.01M EDTA (pH9.0) and the homogenate was centrifuged at 105,000g for 75 min. The supernatant, after saturation with ammonium sulfate to 15% of the cytosol, was applied to the Sepharose 4B-CL. A fraction at the first peak was pooled and subjected to 40% saturation with ammonium sulfate. The precipitated protein fraction was loaded onto the sucrose density gradient and subsequently centrifuged. The pellet was obtained as crude NF proteins. This pellet was then subjected to the SDS-PAGE (7%gel) (LAEM-MLI, 1970) . The gel bands of small (68K), medium (150 K), and high (200K) subunits were cut and kept as a purely isolated NF triplet. In order to examine the purity of the isolated NF, two dimensional gel electrophoresis was carried out as described previously (YOSHIDA and TAKAHASHI, 1980) . The antisera against the NF triplet were raised by the subcutaneous injection into the albino rabbit of each of the NF triplet mixed with Freunds adjuvant. The chemical characterization of spot 35-calbindin and a detailed procedure for the preparation of the antiserum has already been described in detail elsewhere (YAMAKUNI et al., 1984; TAKAHASHI-IWANAGA et al., 1986) . Briefly, the homogenate of rat cerebella was centrifuged and the supernatant was treated with solid ammonium sulfate. The resulting precipitated protein contained the spot 35-calbindin. A further purification of this protein was achieved by 2 cycles of DEAE Sephadex A 50 column chromatography and subsequently by application of the protein fraction to a preparative slab SDS-PAGE (12.5%). The antiserum was prepared by a subcutaneous injection of this purified protein mixed with Freunds complete adjuvant to a rabbit once per two weeks. The Ouphtherlony double diffusion technique was used for the analysis of the antiserum.
Immunoblot analysis Immediately after sacrifice, whole brains were removed and homogenized with four volumes of 0.25 M sucrose containing 0.1mM EDTA, 20mM KCI, and 10 mM Tris-HCI buffer, pH7.0, in a Polytron mixer. The homogenates were centrifuged at 105,000g for 30 min at 0C to obtain supernatants.
The supernatant samples (10 jig) applied in each lane were separated by electrophoresis in SDS-PAGE (12% for spot 35-calbindin and 7.5% for NF triplet protein) (LAEMMLI, 1970) . They were transferred electrophoretically to nitrocellulose membranes according to TOWBIN et al. (1979) . After blotting, the membranes were incubated for 1 h in phosphate-buffered saline (PBS) containing 5% (W/V) bovine serum albumin (BSA). Blots were incubated for 1 h at room temperature with antisera against NF triplet proteins at a dilution of 1:1,000 (for small and high NF triplets) or 1:2,000 (for medium NF triplet) and antiserum against spot 35-calbindin at a dilution of 1:4,000. Incubation with nonimmune rabbit serum (1:1,000) was performed as a control. After washing with PBS containing 0.05% Tween 20 for 30 min, the blots were treated for 1 h with peroxidase-anti peroxidase (Dako) diluted at 1:120. They were washed again with PBS containing 0.05% Tween 20 for 30 min and subsequently incubated with 0.1mg/ml of 3,3-diaminobenzidine tetrahydrochloride and 0.002% (V/V) H2O2 in 50 mM Tris-HCI, pH 7.6 to visualize the immunoreaction. Figs. 3 and 4. Comparison of the immunoreactivity for each of the NF triplet of the Purkinje cell somata and dendrites in the rat cerebella on P4 (Fig. 3) and P8 (Fig. 4) . Moderately positive immunoreactivity is evident in an apical enlargement of the somata and in proximal dendrites of the Purkinje cells (*) when incubated for the 68K (Fig. 3a) and 150 K (Fig. 3b) NF subunits, while no immunoreactivity for the 200K subunits is discernible in the Purkinje cells (*) (Fig. 3c) Preparation of tissue for immunohistochemistry Albino rats at postnatal (P) ages of 1, 2, 4, 6, 8, 9, 10, 12, 14, 16, 21, 30, 40 and 49 days were used in the present study. Rats at each stage were perfused under Nembutal anesthesia via the ascending aorta for 10min with 4% paraf ormaldehyde in phosphate buffer (pH 7.4). The cerebella were dissected out and immersed in the same fixative for another 1 h. Thereafter the tissue blocks were processed for embedding in paraffin and cut into 5um thick sections. Following their mounting on glass slides and deparafnizing the sections were incubated with each of anti-NF triplet antisera at a dilution of 1: 2,000 for 12 h at room temperature.
For examination of the NF immunoreactivity of Purkinje axons, fixed cerebella of P 9, 21, and 50 rats were immersed overnight in the phosphate buffer containing 30% sucrose. Several sets of two consecutive frozen sections, 5um thick, were made on a cryostat from the cerebella. Each of the two sections in sets was mounted in such a way that cut-faces which had been apposed were both facing up (mounting in mirror images). One section was incubated with either one of the NF triplet-antisera, and the adjacent section with anti-spot 35-calbindin antiserum at a dilution of 1:8,000 for 12 h at room temperature. Resulting images of the sets of the consecutive sections were compared after completing the immunostaining.
The antigen-antibody reaction sites of both paraffin embedded and frozen sections were made visible by the peroxidase-anti-peroxidase (PAP) procedure according to STERNBERGER (1974) . As controls, sections were incubated with individual antisera preabsorbed with corresponding purified antigens (10 jig of individual antigens per 1 ml of diluted corresponding antisera), or they were incubated with the nonimmune rabbit serum.
RESULTS

Immunobloting analysis
As shown in Figure 1 , immunoreaction bands with antisera against each subunit of NF triplet proteins and spot 35-calbindin were clearly discernible at sites representing their molecular weights; they were negligible in intensity at other sites in P1, P7, P49 specimens, although the immunoprecipitates for NF triplets were much weaker in intensity at P 1 and P6. These findings confirm the specificity of the antisera and the authentic immunoreaction obtained in the present study.
Immunohistochemistry
At P1 and P2, immature Purkinje cells were recognized as f usif orm cells by the immunostaining for spot 35-calbindin, and they were distributed irregularly in several rows between the molecular layer and the cerebellar white matter. They exhibited weak to moderate immunoreactivity for both small (68 K) and medium (150K) NF subunits, and the cytoplasm was diffusely immunostained (Fig. 2a) . The regional difference in intensity of the immunoreactivity was discernible; the Purkinje cells located in cortical portions forming the fissura prima showed the highest intensity of the immunoreaction.
In contrast, the Purkinje cells were immunonegative for the high (200 K) NF subunit at these stages. A substantial number of nerve fibers exhibiting intensive immunoreactivity for the NF triplet were already seen in forms of bundles in the cerebellar white matter, but no immunoreactive nerve fibers were seen in the cerebellar cortex.
On P4 and P6, Purkinje cells, identified by their intense spot 35-immunostaining, were stellate or angular in shape with an apical enlargement of the somata. They were seen to radiate short dendrites apically and to extend an axon basally. The Purkinje cells were aligned in a single row between the molecular and granular layers. Most Purkinje cell somata and dendrites exhibited a moderately positive immunoreactivity for both small and medium NF subunits. No regional difference in intensity of the immunoreaction was observed at these stages (Figs.  2b, 3a, b) . The immunoreactivity of the Purkinje cells for high NF subunit remained negative (Fig. 3c) .
On P8 and P10, the spot 35-immunostaining clearlyly showed that the Purkinje cells had an outgrowing primary dendrite with several branches and the perikarya assumed a pear-shape.
The Purkinje cell somata and dendrites exhibited weak immunoreactivity for all the NF triplet at these stages (Fig. 4a-c) .
triplet are observed in the granular layer (g) at this stage. On P8 the Purkinje cell somata and dendrites exhibit weak immunoreactivity for 68K (Fig. 4a) , 150 K (Fig. 4b) and 200K (Fig. 4c ) in contrast to the intense NF-immunoreactivity of several nerve fibers (arrows) in the granular layer (g). m Molecular layer of cerebellar cortex, w cerebellar white matter. Single nerve fibers with a positive immunoreaction for the NF triplet were sparsely seen in the granular layer, where they ran in random directions.
On P12 and thereafter, the Purkinje cells showed clear signs of dendritic system growth with many branchlets. The immunoreactivity of their somata and dendrites for the NF triplet decreased progressively. On the other hand, nerve fibers showing intensely positive immunoreactivity for the NF triplet increased in number in the granular layer where they ran in various directions. Some of the NF-positive fibers were intimately associated with the Purkinje cell somata. These were identified as basket fibers based on their morphology. In addition, nerve fibers immunoreactive for the NF triplet were found in the molecular layer, most of these running parallel to the surface of the cerebellum. They were regarded as parallel fibers. An increase in number and staining intensity of the NF triplet-positive nerve fibers was also observed in the cerebellar white matter.
On P21 the Purkinje cells, which were observed with the spot 35-immunostaining, had an adult appearance and their dendritic arborizations extended toward the surface of the cerebellum. The somata and dendrites of the Purkinje cells were immunonegative for the NF triplet in contrast to the intensely positive immunostaining of abundant nerve fibers in the molecular and granular layers (Fig. 5) . On P30, P40, P49, the immunostaining for the NF triplet of the cerebellum was the same as that on P21.
Several sets of two consecutive sections incubated with either one of the NF antisera or the antiserum against spot 35-calbindin, respectively, were compared in order to examine the NF-immunoreactivity of the Purkinje axons. In sections which transversely cut the nerve bundles in the cerebellar white matter of P21 and P49 rats, a large number of spot 35-positive Purkinje axons appeared as groups of dense dots (0.3-0.8um in diameter) surrounded by thin clear zones (Fig. 7a) . In adjacent sections mounted in mirror images which were incubated with the NF triplet antisera (Fig. 7b) , nerve fibers immunoreactive for any of the NF triplet were much more numerous than the spot 35-positive Purkinje axons of previous sections. Judging from the topographical relations of the immunoreactive neuronal profiles to nuclear profiles of adjacent neurons and glia cells and to blood vessels, and also from the similarity in shape of each neuronal profile in sets of the two consecutive sections, almost all of the Purkinje axons immunostained with the spot 35 antiserum were simultaneously immunoreactive for all the NF triplet. The same analyses were conducted in the cerebella of P9 rats. Resulting immunopositive dots for the spot 35-calbindin were less numerous and smaller than in older specimens (Fig. 6a, b) . Due to this fact, it was much more difficult to correlate immunopositive dots within sets of two consecutive sections incubated with two different antisera.
However, some of the spot 35-positive Purkinje axons clearly corresponded to nerve fibers immunoreactive for all of the NF triplet.
DISCUSSION
The present study disclosed for the first time that the NF triplet-immunoreactivity is expressed consistently in the Purkinje axon identified with certainty at late postnatal stages of development when their somata and dentrites are almost negative. It also disclosed for the first time in the mammalian cerebellum the transient and distinct expression of small and medium NF subunit-immunoreactivity in the Purkinje cell somata and dendrites at the neonatal stages, although a similar phenomenon has been described in Purkinje cells of the chick embryo (BENNETT et al., 1984; BIGNAMI et al., 1985) . From the general belief that the NF proteins are synthesized in the neuronal somata and are supplied to axons by slow axoplasmic transport (HOFFMAN and LASEK, 1975) , at least two possible mechanisms should be considered for this differential expression of the NF triplet-immunoreactivity in different domains of the neurons during the development.
The first is the time of onset and/or the acceleration of the slow axoplasmic transport in the Purkinje cell. It is possible that the increased production of NF proteins in the cell somata in keeping with the rapid growth of the Purkinje cells at the neonatal stages (ALTMAN, 1972; TAKAHASHI-IWANAGA et al., 1986) might result in the high concentration of NF proteins in the somata if the axoplasmic transport were not yet functioning sufficiently. The subsequent development and/or acceleration of the axoplasmic transport might result in such a constantly low concentration of the NF triplet proteins in the somata and dendrites that none of the NF triplet proteins in those neuronal domains would be detected by immunohistochemistry on the following postnatal days. With regard to the neonatal development of the axoplasmic transport for the NF triplet, it is known that the onset of the axonal transport of 68K and 150K NF subunits occurs first, with that of 200K NF subunits being significantly later during their development in the optic nerve (PACHTER and LIEM, 1984; SHAW and WEBER, 1982, 1983) , and that the transport velocity of the NF triplet decreases after the initiation of the trans- port of the high NF subunit (WILLARD and SIMON, 1983) . The absence of the transient and distdnct expression of the high NF subunit-immunoreactivity in the somata and dendrites during postnatal development may be interpreted as follows: the increase in production of the high NF subunit might occur later than that of the other two NF subunits, which is in synchrony with the onset or acceleration of the axoplasmic transport for the NF subunit, resulting in a constantly low concentration of the high NF subunit in the soma.
The second mechanism to be considered alternatively or simultaneously is the post-translational modification of the NF triplet in the Purkinje cells. There have been a number of studies indicating that the NF triplet proteins can undergo the post-translational modification that may occur during the axoplasmic transport and/or be restricted to certain parts of a neuron (NIXON et al., 1982; DAHL, 1983; BENNETT et al., 1984; BENNETT and DILULLO, 1985) . Various processes such as proteolytic cleavage, glycosylation or phosphorylation could account for the post-translational modification. Recent immunological and immunohistochemical studies have suggested that certain nerve cell somata and their dendrites possess non-phosphorylated NF, while the axons possess phosphorylated NF (GoLDSTEIN et al., 1983; OSTERMANN et al., 1983; STERNBERGER and STERNBERGER, 1983; TROJANOWSKI et al., 1985) . In a series of studies by Sternberger et al., three group of monoclonal antibodies for medium and high NF subunits have been observed in terms of their immunostaining patterns when applied immunohistochemically to the cerebellum: the first group stained Purkinje axons but not their somata and dendrites. The second group stained their somata and dendrites but not axons, and the third exhibited the staining patterns of both the first and second groups. The difference between these three groups has been suggested to be post-translational, and due to the phosphorylation of the NF proteins: the first group antibodies reacted with phosphorylated and the second group antibodies with non-phosphorylated epitopes in the NF preparation. Thus, it is possible that the transient and distinct appearance of the two subunits of the NF triplet at the neonatal stages in the present study represents the premature occurrence of phosphorylation in the Purkinje cell somata, and that the phosphorylation may become restricted to the Purkinje axons at later postnatal stages.
In relation to the present immunohistochemical findings, our recent study describing a developmental change of the Purkinje cell similar to the present phenomenon should be noted (WATANABE et al., 1990 ). According to this study of developing cerebella, the progressive elevation of neuron-specific enolase (NSE)-immunoreactivity is observed in the Purkinje cell somata and their axons until P9. Thereafter, NSE-immunoreactivity in the Purkinje cell somata decreases, resulting in no detection of the immunoreactivity in the somata at the adult stage, while the Purkinje cell axons remain NSE-immunoreactive until the adult stage. In addition, the expression of NSE mRNA in the Purkinje cells is persistent throughout the postnatal stage. In situ hybridization analysis of developing cerebellum using cDNA to NFP will enhance our understanding of the mechanism of the present developmental phenomenon.
Irrespective of the precise mechanism, it remains to be elucidated whether or not the observed phenomena of the NF immunoreactivity in developing Purkinje cells represent a general developmental process for the expression and distribution of constitutive proteins within the neurons; furthermore, they may be related to the neuronal maturation and formation of the neuronal circuit in the cerebellar cortex.
